T and of the intestinal barrier-protecting effect. Taken together, D-Ala in TA played an important role in the barrier-protecting effect of S. thermophilus in the intestinal epithelium, and these beneficial effects could be enhanced by exogenous L-Ala.
Intestinal epithelial cells are the first line of defense against luminal bacteria and food antigens that stimulate the host immune system. The paracellular diffusion of these substances is strictly regulated by tight junctions which are located at the most apical areas of the epithelial cells. Impairment of the intestinal epithelial barrier and increased intestinal permeability have been observed in patients with inflammatory bowel disease (IBD) 1, 2) which is characterized by alteration of the tight junctions and increased apoptosis in epithelial cells. [3] [4] [5] Disturbance of the intestinal barrier results in hyperactivation of mucosal immune cells against bacterial antigens, thus maintenance of epithelial barrier integrity is a potential therapeutic target for IBD. 2) Clinical and experimental studies have clearly demonstrated the efficacy of several probiotic bacteria in IBD, 6, 7) and these bacteria are used as an alternative medicine in the western countries. 8) Increasing evidence has recently suggested that commensal and probiotic bacteria interacted with intestinal epithelial cells and conferred a protective effect on the barrier dysfunction induced by inflammatory stimuli. [9] [10] [11] [12] [13] We have previously reported that the lipoteichoic acid (LTA) fraction from Enterococcus hirae ATCC 9790 T suppressed a tumor necrosis factor (TNF)--induced decrease in the transepithelial electrical resistance (TER) and the expression of zonula occludens-1, a cytoplasmic tight junction protein. 13) LTA is a ligand of Toll-like receptor 2 (TLR2) that can selectively recognize patterns of bacterial components and activate the host immune system, and TLR2 signaling in the intestinal epithelial cells plays a critical role in maintaining the barrier integrity. 14, 15) Teichoic acid (TA) including LTA has been proposed as a major component of Gram-positive bacteria to induce the cytokine production in monocytes. D-Alanylation of TA requires proteins encoded by the dlt operon which are responsible for the incorporation of D-alanine (D-Ala) into TA in most Gram-positive bacteria. Several studies using a mutagenesis technique have demonstrated that inactivating the dlt genes decreased the D-Ala content in TA, resulting in changes to biofilm formation, 16) adherence to epithelial cells, 17, 18) and immunomodulatory effects. [19] [20] [21] [22] Grangette et al. 20) have suggested that modification of the TA composition, especially the D-Ala content, affected the anti-inflammatory effects of Lactobacillus plantarum, as shown by a difference in the production of IL-10 by peripheral blood mononuclear cells and monocytes. However, to our knowledge, the importance of the D-alanylation of TA to the barrier-protecting effect of bacteria has not been elucidated.
We examined in the present study the relationship in intestinal Caco-2 cells between the barrier-protecting effect of Streptococcus thermophilus ATCC 19258
T and the content of D-Ala in the cell wall. In addition, we explored the culture conditions to increase the D-Ala content and barrier-protecting activity of S. thermophilus.
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Materials and Methods

Bacterium. S. thermophilus ATCC 19258
T was obtained from American Type Culture Collection (Rockville, MD, USA). This strain was cultured at 37 C in 4.25% M17 broth (Merck, Darmstadt, Germany) under anaerobic conditions, using AnaeroPack (Mitsubishi Gas Chemical, Tokyo, Japan). In some experiments, this strain was cultured in 4.25% M17 broth supplemented with MgSO 4 (50 mM) or L-alanine (L-Ala) (3 mM). Different concentrations of M17 broth (2% and 10%) and temperature (30 C and 43 C) were also used for culturing.
Quantification of D-Ala. D-Ala in TA of the cell wall was quantified by using the method by Kristian et al., 17) in which amino acids are converted with N-(5-fluoro-2,4-dinitrophenyl)-L-alaninamide (FDAA). Briefly, the ATCC 19258
T cells were washed twice with distilled water, heat-inactivated for 10 min at 100 C, and then incubated at 37 C for 1 h in 0.1 M NaOH. The supernatant after centrifugation was neutralized with HCl. One microgram of FDAA (Tokyo Chemical Industry, Tokyo, Japan) in acetone (100 mL) and 1 M NaHCO 3 (25 mL) were added to a sample (50 mL), and the mixture was incubated at 40 C for 1 h. After cooling to room temperature, 2 M HCl (40 mL) was added to stop the reaction.
23) The amino acid derivatives were separated by HPLC using an Inertsil C18 column (4:6 mm Â 150 mm; GL Science, Tokyo, Japan), eluting for 40 min at a flow rate of 1 mL/min by a linear gradient from 0 to 60% acetonitrile in a sodium phosphate buffer (20 mM, pH 5.7), and detecting at 340 nm.
Quantitative real time-PCR. Two volumes of the RNAprotect Bacteria reagent (Qiagen, Maryland, MD, USA) were added to the culture, and the mixture incubated at room temperature for 5 min. Total RNA was isolated by using an RNeasy kit (Qiagen) according to the manufacturer's instructions with a modified lysis step. Briefly, the bacterial cells were lysed by incubating with 10 mg/mL of lysozyme (Wako Pure Chemicals, Osaka, Japan) and 50 U/mL of mutanolysin (Sigma-Aldrich, St. Louis, MO, USA) in a TE buffer (10 mM Tris-HCl and 1 mM EDTA at pH 8.0). Total RNA samples treated with TurboDNase I (Life Technologies, Carlsbad, CA, USA) were reversetranscribed by using a High-capacity cDNA Reverse Transcription kit (Life Technologies). Real-time PCR was performed by using a KAPA SYBR Fast ABI Prism qPCR kit (Kapa Biosystems, Woburn, MA, USA) with the primer sequences listed in Table 1 . Data were analysed by the ÁÁCt 24) method and are presented as the number-fold change in gene expression after normalization to the internal control 16S gene expression level.
Caco-2 cells. Caco-2 cells were purchased from American Type Culture Collection and grown under the standard cell culture conditions described by Miyauchi et al.
13) The cells (passages 35-50) were seeded into a 12-mm Transwell cell culture chamber (Corning, NY, USA) at a density of 2 Â 10 5 cells/cm 2 on the basolateral (1.5 mL) and apical (0.5 mL) sides. TER was measured with a Millicell-ERS instrument (Merck) 10-14 d after seeding, the Caco-2 cell monolayers being used when their TER values were greater than 300 Ácm 2 .
Evaluation of the barrier function. S. thermophilus ATCC 19258
T cells were washed with distilled water, incubated for 1 h at 100 C and then lyophilized. The heat-killed bacteria (5 Â 10 5 cells) were added to the apical side of the Caco-2 cell monolayers, and TNF-(20 ng/mL) was injected 12 h later on the basolateral side. The TER value was measured to assess the epithelial barrier integrity before and 12, 24, and 48 h after the TNF-injection.
Data analyses. All data are expressed as the mean AE standard error and were analyzed by Student's t test or one-way ANOVA subsequent Tukey's post-hoc test. death; Fig. 2A ). The D-Ala content in TA was higher in the exponential and early stationary phases than in the lag phase (Fig. 2B) . ATCC 19258 T cells were then cultured at lower (30 C), optimal (37 C), and higher (43 C) temperatures. Although this strain cultured at the lower temperature showed a longer lag phase, the final cell density reached was similar under the different conditions (Fig. 2C) . The D-Ala content in TA was lower when ATCC 19258 T was cultured at the higher temperature (Fig. 2D) . ATCC 19258 T cells cultured at 37 C until the early stationary phase were therefore used in the subsequent experiments.
Results
Quantification of D-Ala by HPLC
dltA Forward 5 0 -GCTCAATCACAACCCGACTT-3 0 Reverse 5 0 -CTATCCGAATCGGCTTTCAA-3 0 dltB Forward 5 0 -TATCGAGATGCGTGATGGAG-3 0 Reverse 5 0 -TCAATGGGACCACTTGTGAA-3 0 dltC Forward 5 0 -ATTCGTGTCCCAGTTTCAGA-3 0 Reverse 5 0 -CTCCGTTACCCCTTCAACAA-3 0 dltD Forward 5 0 -ATGGCAGATTTTTGGTCCAG-3 0 Reverse 5 0 -TCATTCGTCAGCGTTACTGC-3 0 dltX Forward 5 0 -TGTCCTCGTCTTTTTAGGACA-3 0 Reverse 5 0 -CTTGACCTTGTCCTAGGTAATTG-3 0 16S Forward 5 0 -AGCGTTGTCCGGATTTATTG-3 0 Reverse 5 0 -CACTCTCCCCTTCTGCACTC-3
Contribution of cell wall D-Ala to the barrierprotecting function
We investigated the effects of Mg 2þ on the dlt gene expression and D-Ala content in TA that occurred in ATCC 19258
T cells. The mRNA levels of dltA, dltB, dltC, dltD, and dltX were decreased in response to supplemented MgSO 4 (Table 2), while MgSO 4 supplementation slightly decreased the growth rate of ATCC 19258 T (Fig. 3A) . The D-Ala content in TA was also decreased by MgSO 4 supplementation, in correlation with the down-regulation of dlt gene expression (Fig. 3B) . We then compared the effects of ATCC 19258
T cultured with or without MgSO 4 supplementation on intestinal epithelial Caco-2 cells to test whether the MgSO 4 -induced alteration of D-Ala content would affect the barrier-protecting activity. As shown in our previous report, 13) TNF-stimulation reduced TER of the Caco-2 cells (Fig. 3C) . The addition of ATCC 19258
T cultured without MgSO 4 supplementation inhibited the TNF--induced TER reduction. It is notable that this strain cultured in the presence of MgSO 4 did not have any suppressive effect on the TER reduction (Fig. 3C) . These results collectively indicate that D-Ala ester substitution of TA played an important role in the barrier-protecting effect of ATCC 19258 T .
Effect of L-Ala on the D-Ala content and barrierprotecting function
We evaluated whether exogenous components might increase the D-Ala content and enhance the barrierprotecting effect of ATCC 19258
T . The D-Ala content was measured in ATCC 19258
T cells cultured in different concentrations of the M17 broth. The difference in M17 broth concentration had no effect on the cell growth (Fig. 4A) . The data in Fig. 4B show that the D-Ala content was increased in an M17 broth concentration-dependent manner. The barrier-protecting effect A, S. thermophilus ATCC 19258 T was cultured, and the growth was measured spectrophotometrically at 600 nm. A representative growth curve is shown. The bacterial cells were harvested at five stages, indicated by arrows (1, lag phase; 2, exponential phase; 3, early stationary phase; 4, stationary phase; and 5, death phase). B, Heat-inactivated ATCC 19258
T at the five stages during growth was incubated at 37 C for 1 h in 0.1 M NaOH to release D-Ala from TA. The supernatant was neutralized with HCl, reacted with FDAA and applied to HPLC as described in the Materials and Methods section. The D-Ala content was quantified from the regression line as described in Fig. 1B . Each result is expressed as the mean AE SE (n ¼ 3).
ÃÃ p < 0:01 versus the lag phase (1). C, S. thermophilus ATCC 19258 T was cultured at 30 C, 37 C and 43 C, and the cell growth was measured spectrophotometrically at 600 nm. D, The bacterial cells were harvested in the early stationary phase. The D-Ala content was quantified as already described. Each result is expressed as the mean AE SE (n ¼ 3).
ÃÃ p < 0:01 versus S. thermophilus ATCC 19258
T incubated at 37 C. The levels of dlt mRNA were normalized to 16S rRNA, and are expressed relative to the sample incubated in control broth. Each result is expressed as the mean AE SE (n ¼ 3). Ã p < 0:05 versus the control, and ÃÃ p < 0:01 versus the control.
was also M17 broth concentration-dependent 12 h after the TNF-treatment (Fig. 4C) , whereas there was no significant difference between the three groups 48 h after the TNF-treatment (data not shown). The L-Ala concentration in the 4.25% M17 broth was 2.35 mM, so we next cultured ATCC 19258
T cells in the 4.25% M17 broth supplemented with 3 mM L-Ala. This strain cultured in M17 broth supplemented with L-Ala had a higher D-Ala content in TA without affecting the cell growth ( Fig. 5A and B) . Moreover, the barrier-protecting effect was enhanced by ATCC 19258 T cultured in the 4.25% M17 broth supplemented with L-Ala T .
S. thermophilus ATCC 19258
T was cultured in M17 broth or M17 broth supplemented with 50 mM MgSO 4 . A, The cell growth was measured spectrophotometrically at 600 nm. A representative growth curve is shown. B, The bacterial cells were harvested in the early stationary phase. The D-Ala content was quantified as described in the legend to Fig. 2B . Each result is expressed as the mean AE SE (n ¼ 3).
ÃÃ p < 0:01 versus the control. C, Caco-2 cell monolayers were treated for 12 h with heat-killed ATCC 19258
T (5 Â 10 5 cells/well) or with the medium alone, and the monolayers were exposed to TNF-. TER was measured 48 h after the TNF-treatment. Each result is expressed as the mean AE SE (n ¼ 3). T .
T was cultured in 2, 4.25, or 10% M17 broth. A, The cell growth was measured spectrophotometrically at 600 nm. A representative growth curve is shown. B, The bacterial cells were harvested in the early stationary phase. The D-Ala content was quantified as described in the legend to Fig. 2B . Each result is expressed as the mean AE SE (n ¼ 3).
T cultured in 4.25% M17 broth (4.25%). C, Caco-2 cell monolayers were treated for 12 h with heat-killed ATCC 19258 T (5 Â 10 5 cells/ well) or with the medium alone, and the monolayers were exposed to TNF-. TER was measured 12 h after the TNF-treatment. Each result is expressed as the mean AE SE (n ¼ 3).
Ã p < 0:05 versus the non-treated monolayers (None); ## p < 0:01 versus TNF-alone (À); y p < 0:05 versus S. thermophilus ATCC 19258
T cultured in 4.25% M17 broth (4.25%). T .
A C B
S. thermophilus ATCC 19258
T was cultured in M17 broth or M17 broth supplemented with 3 mM L-Ala. A, The cell growth was measured spectrophotometrically at 600 nm. A representative growth curve is shown. B, The bacterial cells were harvested in the early stationary phase. The D-Ala content was quantified as described in the legend to Fig. 2B . Each result is expressed as the mean AE SE (n ¼ 3).
Ã p < 0:05 versus the control. C, Caco-2 cell monolayers were treated for 12 h with heat-killed ATCC 19258
T (5 Â 10 5 cells/well) or with medium the alone, and the monolayers were exposed to TNF-. TER was measured 48 h after the TNF-treatment. Each result is expressed as the mean AE SE (n ¼ 3). ÃÃ p < 0:01 versus non-treated monolayers (None); ## p < 0:01 versus TNF-alone (À); y p < 0:05 versus S. thermophilus ATCC 19258
T cultured in M17 broth (Control). (Fig. 5C) . These results indicate that the D-Ala content increased by L-Ala supplementation enhanced the intestinal barrier-protecting effect of ATCC 19258 T .
Discussion
We compared in our preliminary experiment the barrier-protecting effects of S. thermophilus ATCC 19258
T , Bifidobacterium longum subsp. infantis JCM 1222
T , Lactobacillus delbrueckii subsp. bulgaricus ATCC 11842
T , Lactobacillus rhamnosus ATCC 7469
T , and Lactobacillus rhamnosus ATCC 7469 T , because these species are frequently used in fermented dairy products. S. thermophilus completely suppressed the TNF--induced decrease in TER, whereas the other strains, B. infantis JCM 1222 T on the TNF--induced TER reduction. The D-Ala content of TA increased during exponential phase and early stationary phase, and then reduced significantly in the stationary phase (Fig. 2B) , this being consistent with the previous report for Bacillus subtilis. 25) Matsuo et al. 26) have recently shown that the dltC expression in Staphylococcus aureus was suppressed by arg, which encodes a quorum sensing system, in the stationary phase. The reduction of D-Ala in S. thermophilus in the stationary phase may be explained by the same mechanism. The growth temperature also affected the degree of D-alanylation of TA. Loss of the D-Ala ester of TA at respective temperatures of 55 C and 52 C has been reported for Bacillus coagulans and S. aureus. 27, 28) We also observed that S. thermophilus ATCC 19258
T cultured at 43 C resulted in a lower D-Ala content than the cells grown at 37 C (Fig. 2D ). Based on these data, the bacterial cells were cultured at 37 C and collected in the early stationary phase for the subsequent experiments.
In addition to the growth phase and temperature, some exogenous components influenced the D-Ala content. A previous study has shown that the growth of S. aureus at a high Mg 2þ concentration resulted in repression of the dlt operon.
29) The dlt operon contains five genes, dltA, dltB, dltC, dltD and dltX, and inactivation of the dltA, dltB, dltC or dltD gene has resulted in the depletion of D-Ala in TA. 17, 20, 30, 31) It is therefore quite reasonable that the suppression of dlt genes in ATCC 19258
T by adding MgSO 4 to the culture reduced the D-Ala content in TA and the barrier-protecting effect of ATCC 19258 T in our study ( Fig. 4B and C) . However, it is known that the expression of other genes has also been regulated by extracellular Mg 2þ ; for example, Gryllos et al. 32) have demonstrated that the expression of hyaluronic acid capsule genes in group A Streptococcus was repressed by extracellular Mg 2þ . More detailed studies are therefore needed to analyze the relevance of the expression level of dlt genes to the barrier-protecting effect of S. thermophilus.
The data in Fig. 4A show that the D-Ala content increased with increasing concentration of the M17 broth. Furthermore, supplementation of L-Ala resulted in an increased D-Ala content (Fig. 5B) . It seems that exogenous L-Ala is used as a source of the D-Ala ester in TA and increases the D-Ala incorporation into TA. D-Ala is synthesized by the Ala racemase (Alr), which catalyzes the reversible interconversion of L-Ala and DAla. A previous study has demonstrated that disrupting the alr gene cluster in S. aureus led to depletion of the D-alanyl substituents of LTA, 33) indicating that D-Ala synthesis from L-Ala played an essential role in the Dalanylation of TA. This evidence in conjunction with our TER data (Figs. 4C and 5C ) clearly show that increasing D-Ala in TA led to the enhanced barrier-protecting effect of ATCC 19258 T . Although further studies are required to clarify if the amount of TA or other cell wall components would be affected by exogenous L-Ala, it would be worth investigating whether or not the barrierprotecting activity of fermented probiotic products would enhanced when L-Ala is supplemented in milk, the starting material.
The mechanism by which increased D-Ala in TA led to enhancement of the barrier-protecting effect of ATCC 19258
T is presently unclear. One possibility is that the D-Ala content in TA influenced the TLR2-dependent barrier-protecting effect of ATCC 19258
T . TA is recognized by TLR2, and it has been implied that the D-alanylation of TA affected TA-induced TLR2 stimulation. 34) In addition, we and other investigators have previously demonstrated that TLR2 signaling in intestinal epithelial cells played a key role in maintaining barrier integrity. [13] [14] [15] 35) Another possibility is the involvement of a change in bacterial cell morphology. It has been reported that D-alanylation of TA affected the cell morphology of some bacteria. 36) An increased D-Ala content in TA may therefore lead to a change in the cell morphology and cell wall structure of ATCC 19258 T , resulting in more effective interaction between the bacterium and epithelial cells. Further studies are needed to elucidate the precise mechanism.
A major characteristic of IBD is the increased intestinal permeability. We have previously demonstrated that L. rhamnosus OLL2838 ameliorated the barrier dysfunction and inflammation of the colon with dextran sodium sulphate-induced colitis in mice. 12) Other investigators have also recently reported that probiotic bacteria prevented colitis by modulating the barrier function.
9,37-41) S. thermophilus ATCC 19258 T used in the present study might also be beneficial for colitis therapy, and the anti-inflammatory effects of the bacterium could be enhanced by increasing the content of D-Ala in TA. However, studies using L. plantarum NCIMB8826 have shown that the dlt À mutant was more protective in a mouse colitis model than the wild-type counterpart. 20, 22) They found that the dlt À mutant induced more IL-10 production and fewer pro-inflammatory cytokines in the intestine than the wild-type strain. Although the relevance of the D-Ala content in TA and the anti-inflammatory effect of S. thermophilus should be investigated in in vivo studies, our findings would be useful for developing probiotic preparations as a therapeutic tool for such intestinal diseases as IBD.
In conclusion, the present study emphasizes the importance of the D-Ala content in TA on the barrierprotecting effect of S. thermophilus. D-Alanylation of TA in S. thermophilus ATCC 19258
T was dependent on the growth phase and temperature. Moreover, the supplementation of L-Ala to the culture was effective for increasing the D-Ala content and barrier-protecting effect of S. thermophilus ATCC 19258
T .
